The arctic tundra and boreal forest were once considered the last frontiers on earth because of their vast expanses remote from agricultural land-use change and industrial development. These regions are now, however, experiencing environmental and social changes that are as rapid as those occurring anywhere on earth. This paper summarizes the role of northern regions in the global system and provides a blueprint for assessing the factors that govern their sensitivity to social and environmental change.
ROLE OF ARCTIC TUNDRA AND BOREAL FOREST IN THE GLOBAL SYSTEM
Arctic tundra and boreal forest occupy 15% of the ice-free terrestrial surface, an area larger than either tropical or temperate forests (1) . These northern biomes play a key role in the global climate system, particularly during times of climatic change. The global warming trend of the past century (2) is amplified at high latitudes, because sea ice and snowmelt occur more extensively and earlier in the spring, converting white reflective surfaces to darker vegetation and water, which absorb more solar energy and transfer it to the atmosphere (3). Northward expansion of forests or increases in shrubs within tundra that occur in response to regional warming cause further increases in the absorption of energy and its transfer to the atmosphere (4, 5) . Temperatures are now increasing in northern high latitudes more rapidly than at any time in the last 400 years (6) .
High-latitude warming can trigger changes that exert pronounced effects on the global climate system. Arctic and boreal ecosystems store a third of earth's soil carbon (7) as a result of cold and/or anaerobic soil conditions that constrain decomposition. This is equivalent to two-thirds of the carbon content of the atmosphere. If high-latitude warming enhances carbon loss through decomposition or wildfire to a greater extent than carbon gain from plant production, some of this large carbon store would be released to the atmosphere and amplify the CO 2 -induced warming of global climate (8) , but there is high uncertainty of these potential changes (9) , and they could be reduced or reversed by appropriate policies.
Other potential changes in high-latitude feedbacks to the global climate system are more speculative but potentially important. Hydrologic changes that occur when permafrost (permanently frozen ground) thaws may increase the flux of methane in lowlands or decrease fluxes in uplands. Northern ecosystems are a large and increasing source of methane (10) , a greenhouse gas 20-fold more potent than CO 2 in its potential to warm the atmosphere. Finally, discharge of rivers that drain from tundra and boreal forest into the Arctic Ocean has increased 7% in the last 70 years (11) , a trend that, if continued, could destabilize thermohaline circulation and the global heat transport through the oceans by the end of the 21 st century.
The north is increasingly linked to the global economy by new modes of transportation and communication. If the Northern Sea Route above Eurasia or the Northwest Passage above North America becomes ice-free during summer, as expected within the present century, these connections will become even stronger. An ice-free Arctic Ocean might, for example, make the extraction of oil and gas from northern regions more economical. These are the largest proven oil and gas reserves in the world, but their extraction is currently too costly to compete effectively on the global market.
Arctic and boreal regions are home to numerous native cultures, most of which still have strong cultural ties to the land and/or seas. The traditional knowledge that has been the basis of their survival is a rich source of experience in the management of natural resources. At a time when many of the world's fisheries, forests, and other renewable resources are threatened by overexploitation, these diverse cultural traditions may provide sources of innovation that could lead to more sustainable strategies of resource management in the north (12, 13) . However, the natural biological resources in the north are threatened by anthropogenic impacts from outside the region, such as climate change. Species like mosses, lichens, and algae, which are well represented in the north, often play important roles as "ecosystem engineers" by creating soil organic matter, insulating sub-surface ground temperatures and permafrost, and sequestering nutrients. Such species are particularly sensitive to changes in the environment and disturbance regime.
In summary, northern ecosystems are increasingly linked to the rest of the globe through myriad physical, biological, cultural, and economic ties. Our challenge is to recognize and promote those attributes of linked social-ecological systems that will reduce their sensitivity to the onslaught of rapid global change.
RESILIENCE AS A FRAMEWORK FOR ASSESSING RESPONSES TO GLOBAL CHANGE
Efforts to rigidly maintain the current properties of northern systems in the face of multiple interacting global changes are doomed to failure. These properties are a product of the history of these systems and their current physical and social environments. As these environments change, so will the specific attributes of the system. For example, as climate warms, the relative abundance of species changes (14) , areas of human disturbance become more vulnerable to invasion by exotic species (15) , and the retreat of sea ice reduces opportunities for coastal indigenous communities to hunt for ice-dependent marine mammals (16) . We suggest that managing for ecosystem and landscape resilience rather than for specific properties, such as the abundance of a particular species, has greater potential to sustain those fundamental features of northern systems that are most important to society. In this section we define and outline a strategy for enhancing regional resilience.
The first step in managing for resilience is to recognize that people and their institutions are integral components of ecological systems. Consequently, regions must be treated as linked social-ecological systems rather than simply as human societies that derive services such as clean water and air, food, and fuel from the ecosystems that they inhabit (17) . In this context, resilience is the magnitude of disturbance that can be absorbed by a system without fundamentally changing it (18) . "More resilient systems are able to absorb larger shocks. When massive transformations occur, resilient systems contain the components needed for renewal and reorganization. In other words, they can cope, adapt, or reorganize without sacrificing the provision of ecosystem services. Resilience is often associated with diversity of species, of human opportunity, and of economic options, that maintains and encourages both adaptation and learning. In general, resilience derives from things that can be restored only slowly, such as reservoirs of soil nutrients, heterogeneity of ecosystems on a landscape, or variety of genotypes and species" (19, 20) . In contrast, systems can be sensitive to rapid changes in either the environment or the disturbance regime. The outcome, or vulnerability of the system, is the balance between the accumulated resilience and the shorter-term sensitivity.
Social-ecological systems are always changing. Managers often seek to control these changes, for example to maintain fish or forest stocks at constant levels, and to reduce biological variability by selecting useful plants/crops/trees and removing/reducing competitors, pests and pathogens. These efforts frequently fail to appreciate the importance of variability and diversity as essential components of regional systems. Management that seeks to prevent change or reduce variability often leads to collapse rather than to maintenance of the system. In contrast, management aimed at building resilience depends on active adaptive management built on flexibility and learning (21) . It focuses on slowly changing variables that create memory, legacy, diversity and the capacity to innovate in both social and ecological components of the system. By nurturing those diverse elements that are necessary to reorganize and adapt to novel circumstances, it increases the range of surprises with which the system can cope (19) .
SOURCES OF RESILIENCE AND VULNERABILITY IN NORTHERN SYSTEMS
What attributes of northern systems predispose them to resilience or make them vulnerable to change? What more must we learn to assess the vulnerability of northern regions to global changes? Once these attributes are identified, we have the foundation for developing policies that enhance regional resilience.
Diversity
Diversity has important ecological, cultural, and economic dimensions. Species diversity of most major groups of organisms declines with increasing latitude and therefore is lower in the arctic and boreal forest than in most major biomes on earth (9, 22) . Many important northern species have broad circumpolar distributions. Extensive areas of forest are often dominated by a single tree species, such as Picea mariana (black spruce) in North America or Larix siberica (larch) in Siberia. Environmental or biotic changes that radically change the abundances of these species could cause widespread changes that cascade through all components of the social-ecological system (23) . For example, an outbreak of Siberian silk moth (Dendrolimus sibiricus superans) and subsequent wood-boring insects in the mid 1990s destroyed about 1.5 million ha of productive forests and dramatically impacted life over a large region of Central Siberia (24) (Shvidenko, pers. comm.). We know less about the genetic diversity that might reduce vulnerability of these widespread species to change.
In contrast to the low species diversity, northern ecosystems exhibit a high degree of landscape diversity due to the low sun angle and presence of permafrost, which create radically different local microenvironments and the pervasiveness of natural disturbances such as fire and insect outbreaks that affect large areas (25) . In topographically diverse areas, this landscape diversity gives rise to a wide range of microclimates, ecosystem types, and successional stages within a small area, providing a wide range of local environmental adaptations that enhance the resilience of northern systems to climatic change.
There is also a rich diversity of cultural heritages, both western and indigenous. Northern regions are unusual in still having a land-based economy and large per capita harvests of marine mammals, fish, and wildlife. These cultures provide a diversity of resource management systems that have withstood the test of time. For example, traditional management practices often take advantage of landscape diversity through rotational use of areas (rotating fishing lakes and rivers; rotating beaver trapping areas). The cultural diversity in resource management traditions is a largely untapped source of resilience that can be integrated with western science to provide opportunities for novel approaches to monitoring and management of natural resources (12, 26) .
In contrast to the richness of traditional resource management systems, a major source of vulnerability is the low diversity of 'modern' economic options that have been developed in most northern countries. Often the economy of a region is dominated by a single extractive industry such as oil and gas, hydropower, mining, or forestry. These industries provide little value-added multiplier to the local economy and make these regions vulnerable to changes in global demand for these resources (27) . Enhancing local economic diversification is a critical step toward increasing the resilience of northern regions.
Response to Temporal Variability and Change
Most arctic and boreal organisms are well adapted to withstand large annual temperature changes (+30° to -60°C) and are therefore quite resilient to the direct effects of temperature change (28) . Low temperatures exclude invasion by most exotic species (29) . As this thermal filter becomes relaxed by high-latitude warming, invasions may occur more frequently, especially in anthropogenic disturbances, where there are relatively large inputs of exotic seeds, and competition from native vegetation is reduced (15) . Temperature exerts important indirect effects on arctic organisms and ecosystems through changes in permafrost and soil moisture. Even small changes in summer temperature, for example, can shift individual forest stands from being a net carbon sink to a source (30) . Changes in natural disturbances associated with changing weather patterns can have the same effect at continental scales (31, 32) . Changes in direct annual emissions from wild fires in Canada, for example, can be of the same order of magnitude as fossil fuel emissions in that country (33) .
In most northern countries, indigenous cultures have often been subject to intensive assimilation programs, yet many have proven their resilience and retain much of their cultural heritage and their close relationship to terrestrial, aquatic and marine ecosystems. However, changes from nomadic to sedentary lifestyles, e.g. Saami and Nenets herders, moving of children to distant schools for education, economic infusions into coastal fishing communities from North Sea oil development, migration to cities, and numerous other changes have gradually eroded both cultural traditions and the sense of self-sufficiency that make these traditions meaningful. The mixed economies that now characterize most of these communities provide both opportunities for innovation, e.g. purchase of snow machines to support subsistence activities and new sets of values that often compete with traditional values.
Most northern countries experience a boom-and-bust economy associated with mineral and petroleum discoveries and changes in global markets. This high economic vulnerability is typical of regions where the economy is dominated by extractive industries. The motivation for governments to encourage extractive industries frequently results from an incomplete accounting of the environmental and social costs of these industries. This incomplete accounting results from both insufficient understanding and public awareness of the ecological and social consequences of developing renewable and nonrenewable resources and from inadequate definition of property rights associated with ecological resources that are affected by development. Often the cumulative ecological and social impacts of resource extraction are ignored (34) .
Legacies and Thresholds
Legacies constitute the memory of the system and the means for regenerating system function after disturbance or collapse. Most boreal forests, for example, are highly resilient to fire, insect outbreaks, and other natural disturbances, because the local flora is adapted to these disturbance cycles and requires periodic disturbance for maintenance of populations through time (35, 36) . Management that seeks to control disturbance or replace natural disturbances with new ones such as forest harvest can, under some circumstances, reduce the regeneration potential and resilience of the system (37-39).
Other disturbances are novel. Pesticides accumulate dramatically in food chains because animals require an abundans of fat to survive in cold environments or to migrate long distances, e.g. fish and birds. Similarly, lichens and reindeer accumulate radionuclides, e.g. Chernobyl, Novaja Zemlja, belowground explosions in Eastern Russia. Strong bio-concentration causes persistent organic pollutants and radionuclides to be stronger stressors at high latitudes than elsewhere, threatening human health and the natural resilience of these systems.
In tundra the longevity of individual plants is often an important legacy that contributes to resilience. Some plants can survive for thousands of years through vegetation resprouting (clonal reproduction) (40), if they successfully survive critical bottlenecks in the life cycle such as disturbances (41) .
Permafrost is a key physical property that shapes the resilience of high-latitude systems. It restricts plant access to mineral soils, prevents vertical drainage, and dictates the hydrologic regime that controls many ecosystem properties. There is an abrupt threshold for existence of permafrost at a mean annual temperature of about 0°C. The large ecosystem consequences of this threshold render the system vulnerable to warming. The threshold is quite predictable, however, providing opportunities for innovation and planning. Other thresholds result from the nonlinear response of population viability to habitat loss, as observed in many species (42) .
Traditional and local ecological knowledge and the institutions in which this knowledge is embedded are critical reservoirs of understanding about interactions between people and their environment and therefore a key source of resilience in northern systems. As the climate changes, however, traditional cues for predicting the environment no longer work. Several groups of arctic people have observed that the weather is now more variable, and the frequency of extreme weather events has increased. These interrelated changes effectively "strip arctic residents of their considerable knowledge, predictive ability, and self-confidence in making a living from their resources. This may ultimately leave them as strangers in their own land" (13) and increase their vulnerability to both climatic and social changes (43) .
Innovation and Learning
Given the vulnerability that all regional systems exhibit to both surprises and predictable change, it is not surprising that systems often undergo radical change. At these times the capacity for innovation and learning is critical to long-term resilience and the sustainability of fundamental attributes of the system (17) .
Adaptive management, in which resource management practices are modified based on learning from previous management efforts, provides a sound basis for learning from both successes and failures (21) . This has always been an integral component of the interactions between indigenous people and the land, so it is not surprising that co-management efforts involving indigenous groups frequently have a strong adaptive component to management.
Resolution of the property rights of indigenous people has been a key test of their capacity for innovation and learning. These issues came to the fore in North America in the 1950s and 1960s as Canada and the United States attempted to lay claim to the high arctic islands and to Alaskan petroleum resources, respectively. Resolution of these property rights led to a resurgence of pride in traditional values and a focus on management of the subsistence resources on which these communities depend. A variety of co-management institutions have evolved that integrate traditional and western approaches (44) . In Russia, where the property rights of indigenous peoples remain unresolved, local people are often denied rights to fish, hunt and access pastureland, leading to continued erosion of cultural values. In Fennoscandia, the Saami are Europe's only officially recognized indigenous group. In northern areas, a small minority of Saami still practice traditional livelihoods, e.g., reindeer herding, within increasingly restrictive agricultural norms set out by the respective nations and in competition with other land uses (forestry, mining, hydropower, hunting, fishing, tourism), thus demonstrating astonishing persistence and resilience. Secure use rights have proven elusive, especially in Sweden where the courts have generally denied claims to indigenous rights, despite state recognition of these rights a century ago (45) .
Challenges for the Future
Many of the current drivers of change in northern systems are projected to continue or intensify in the future. These include climatic warming, accumulation of pollutants, extraction of raw materials, penetration of western culture into indigenous communities, and an expansion of tourism. All of these expected changes originate primarily from pressures outside the arctic and boreal forest, so northern residents cannot readily reverse these trends. Instead, northern residents must be prepared to learn, cope, and adapt. The drivers of greatest change in the north are strikingly different than those in most other regions of the globe, where the strongest drivers are local in nature: population growth, industrial development, urbanization, and land-use change. We discuss how our understanding of the ingredients of resilience can be used to design strategies that maximize resilience and reduce the prospects for undesirable future change.
Anticipate Variability and Change
The north is a land of pronounced variability, in which caribou herds and other animal populations routinely vary by more than an order of magnitude over time (46) ; extensive fires and forest pest outbreaks occur in one or a few years each century (47, 48) ; and economies boom and bust. Superimposed on this natural variability are directional trends in climate, economic globalization, national political and social change, and intermixing of indigenous and western cultures. Future plans must incorporate flexibility in anticipation that these patterns and trends will likely continue. For example, rather than designing nature reserves as static refuges on a landscape that is frozen in place, we should anticipate that disturbances will occur and climate will change. This context requires that there be multiple refuges linked by corridors that provide opportunities for refugial populations to recolonize after disturbance and for migration to occur upward in elevation or northward along corridors in response to climatic warming (49) . Even with optimal reserve design, we should expect increased invasion of exotic species and extinction of existing species if the environment continues to change, threatening even species that are currently widespread (9) .
If we anticipate that reindeer and caribou herds will expand and collapse periodically, we must understand the factors that regulate population density after collapse. These controls may include harvest by people and other predators, migration from other herds, and cow/calf nutrition. Policies for management must be flexible enough to foster conditions for herd recovery at times of low population density. Similarly, most marine fish stocks exhibit high variability over decades to centuries, requiring policies that plan for reduced human harvest at times of scarcity. At these times, when human harvest must be curtailed, it is important to minimize human vulnerability.
If fish are culturally important, how can this cultural thread be maintained? For example, the Cree Indians used as a cue the reduced fish catch per unit effort (CPUE) to switch to new fishing areas (12) . Cultural practices safeguarded against exploitation of depleted stocks until they had recovered. Co-management involving local stakeholders and indigenous communities who are committed to the persistence of these stocks often fosters the long time horizon that is compatible with the time scale of these fluctuations. In some cases, periods of population decline are indicative of habitat deterioration, so the decline provides an opportunity for the habitat to recover to a level that can support larger populations over longer times. In the North Pacific salmon fishery, subsistence fishers are given priority over commercial and sport fishers at times of low abundance.
We expect that extractive industries in the north will continue to experience both good and bad times, depending on the state of the global economy. Continued economic dependence on these industries in the north virtually guarantees times of future economic hardship (50) . There are at least two strategies that could be adopted in planning for this eventuality: i) recognizing that this will occur and planning contingencies to minimize the impacts on vulnerable portions of society during times of economic crisis; and/or ii) promoting economic diversity that reduces the dependence on extractive industries.
Alaska was unsuccessful in planning for future economic hardship at a time when oil revenues were abundant because of the failure to recognize factors governing institutional rigidity. During the period of wealth in the 1970s two institutional changes were legislated. One established a Permanent Fund, the interest of which was intended to fund state expenditures during and after the oil boom. The unanticipated decline in the stock market, combined with the inability of legislators to leave the principal intact, minimized the effectiveness of what originally appeared an innovative approach to managing economic variability. The second institutional change abolished individual taxation as a source of state revenue during the period of wealth and offered all citizens of the state a dividend from the interest of the Permanent Fund. When the state economy collapsed, individual citizens and their political representatives were unwilling to reduce the dividend or re-institute taxation, leaving social services even more dependent on revenue from extractive industries than before the discovery of oil. This case study demonstrates the importance of both institutional flexibility and unexpected surprises in governing vulnerability to economic fluctuations.
Manage the Slow Variables and Critical Habitats
An understanding of the slow variables, i.e. key process controls that degrade and recover slowly and critical habitats that govern long-term dynamics is key to the development of sound policies that manage for resilience (20) . For example, soil organic matter content governs nutrient retention and the long-term productive potential of soils. Stream gravels and temperature, as mediated by forest canopy and sediment inputs to streams, govern the suitability of spawning habitat for wild salmon. The oral traditions and stories told by native elders are the "libraries" of traditional knowledge that ensure the integrity of indigenous cultures (51) . Particularly at times of crisis, however, managers and the public tend to focus on the fast variables, such as insect outbreaks, collapse of fish stocks, or threats to an endangered species. These perceived crises might be either natural events that are difficult to mitigate or symptoms of longer-term dynamics that could have been prevented by managing for slow variables. Failure to manage the slow variables can lead to irreversible changes, such as the loss of a fishery or traditional ties to the land, with grave societal consequences.
In many cases there are critical habitats or institutions that exert a disproportionate impact on long-term dynamics and therefore warrant particular attention. For example, the number of caribou calves that reach three weeks of age-by which time they are relatively mobile and less vulnerable to predation-is critical to the long-term population dynamics (52) . Industrial development that occurs in traditional calving areas often disturbs pregnant cows and attracts foxes, ravens, and other predators, exerting a disproportionate impact on early calf survival. Other critical habitats include spawning areas for wild salmon and old-growth forests in Scandinavia, which are critical reservoirs of biodiversity of predatory beetles and other components of wood-decomposing food chains.
Institutions that foster ecological and cultural diversity retain the seeds for innovation on the landscape. These institutions are sometimes viewed as old-fashioned and inefficient in meeting short-term objectives, but can play key roles in revitalizing economies at times of rapid change (53) .
Plan for Expected and Unexpected Change
Northern regions have an unusual advantage in planning for the future, because we can anticipate many of the important drivers of future change. We are virtually certain to see continued or increasing rates of climate warming, pressure from extractive industries, and mixing of western and indigenous cultures. Planning for a resilient future must occur in the context of these expected changes. For example, as climate warms and sea ice declines, marine mammals will likely decline in abundance, retreat northward with the sea-ice margin, move to less stable single-year ice, and/or be replaced by other fish and mammal populations that are less ice-dependent (16) . Given the strong nutritional and cultural dependence of many coastal indigenous communities on hunting of marine mammals, future options to adapt to these changes might include changes in technology to allow travel to more distant or less stable ice environments and/or the exploration of alternative subsistence resources that sustain strong cultural ties to the land and sea.
Similarly, on land, it is virtually certain that continued climate warming will have significant impacts on the forest resource, due to both changes in disturbance regime and changes in growing conditions. These impacts will have profound economic impacts on communities that depend on this resource, and for those who live within its borders. It will also cause permafrost to thaw, altering hydrology and the stability of buildings, roads, pipelines, and other infrastructure. Surface vegetation also affects permafrost stability, so changes in disturbance could interact with climate warming to influence the future integrity of permafrost. Planning for the future should consider these interactions and their consequences for hydrology, ecological diversity, and the interactions of people with the landscape.
Climate warming will also interact with pressures for resource extraction, as northern oceans become more navigable, bringing northern oil and gas closer to major markets. Similarly, arctic fish stocks that are currently inaccessible may become commercially viable as sea ice retreats. Careful co-management of both renewable and nonrenewable resources could provide opportunities to enhance local economic benefits and ecological and societal resilience.
Changes that are now unanticipated or seem unimportant will also occur and are more difficult to plan for. However, the increased institutional flexibility required in planning for expected changes is also one of the most important prerequisites for responding to unanticipated changes. Major potential surprises that should be considered include the possible cooling in the North Atlantic Region if deep water formation is reduced, potential drying of the tundra to produce unproductive arid treeless areas (rather than new forest areas) similar to the tundra steppes of the Pleistocene and early Holocene, and paludification (waterlogging) causing tree death in areas of forest where permafrost may thaw and the climate becomes more oceanic (9) .
Foster Learning and Innovation
Given the strong drivers of change operating in the north, conditions that foster learning and innovation are critical for increasing the future capacity for resilience. This capacity building must occur at several levels, including the research community, northern residents and governments, and the global community.
Enhancing the capacity for resilience requires a new kind of science that is more interdisciplinary and speculative in order to consider and evaluate options that might not occur to ecologists, economists, or anthropologists acting in isolation. It must recognize the connections that occur across temporal and spatial scales, for example the long-term consequences of short-term fire-prevention policies (54) or the consequences for rivers and estuaries of upstream agricultural development (55) . The development of "what if" scenarios and gaming to explore the logical consequences of different possible futures or different assumptions about how people interact with ecological systems are constructive approaches to exploring system vulnerability and resilience (56, 57) .
Engaging local residents, managers, businesses, and policy makers in the design and implementation of this research increases the likelihood that practical alternatives will be considered and that the results will be applied (58, 59) . Anticipatory strategies must be developed that mitigate or adapt to expected changes, for example through changes in protective systems, pathways to initiate policy change, and information availability to residents and businesses. For example, climate warming increases opportunities for high-latitude agriculture, which could reduce the food dependence of northern people on supplies from the south. Similarly, increased ecotourism may increase the incentives for environmental protection by extractive industries and regulatory agencies. These and other changes will likely attract people from the south seeking employment. Although these migrants will compete with local people for jobs, they also bring a broader range of experiences and an additional source of innovation. Increased communication among arctic nations by researchers, indigenous peoples, urban dwellers, resource managers, and policy makers provides an important source of learning that could lead to innovation. Most northern countries have been and will continue to be impacted by the same drivers: climate warming, extractive industries, urbanization, and mixing of western and indigenous cultures. However, this global experiment has been replicated in quite distinct cultural, economic, and political contexts, resulting in a diversity of outcomes for a wide variety of issues, including resource management, environmental protection, designation of property rights, and institutional change (60) .
Finally, northern researchers and residents have an important responsibility for conveying to the world at large the serious impacts that anthropogenic climate change is already having in the north. Northern regions are the canary in the mineshaft of global change-the first place where anthropogenically induced climate warming has clear effects. Only by convincing world leaders that these effects are real and have serious societal consequences is it likely that global actions will be taken to mitigate these changes. The eight arctic nations together account for 40% of the global emissions of CO 2 , the largest anthropogenic contributor to climate warming. Establishing an effective communication between policy makers in these nations and northern residents, scientists, and businesses is one of the most promising avenues available to minimize or reverse current climatic trends.
